The phosphorylated myosin cyclically binds to actin filaments producing force or shortening, or both.
2+ binds to calmodulin and the Ca 2 V calmodulin complex removes the autoinhibition of myosin light chain kinase. 1 The activated myosin light chain kinase phosphorylates the 20-kd light chain of myosin on serine 19 and activates the myosin's ATPase. 2 The phosphorylated myosin cyclically binds to actin filaments producing force or shortening, or both. 3 This is the most widely accepted mechanism for the primary regulation of smooth muscle contraction. However, recent data suggest that the above regulatory scheme may be incomplete. In this review, I will discuss 1) the mechanisms regulating [Ca 2+ ],, 2) the mechanisms altering the dependence of myosin phosphorylation on [Ca 2+ ]i (i.e., the [Ca 2+ ] ; sensitivity of phosphorylation), and 3) the dependence of contractile force on myosin phosphorylation.
Regulation of Myoplasmic [Ca 2+ ]
Contractile stimuli affect [Ca 2+ ], by a number of mechanisms (see Figure 1 ): 1) Regulation of [Ca changes in membrane potential has been termed "electromechanical coupling." 4 Depolarization activates L-type Ca 2+ channels, inducing Ca 2+ influx, elevated [Ca 2+ ]i, and contraction. 5 Some agents (e.g., those that increase cyclic AMP [cAMP] or cyclic GMP [cGMP]) induce relaxation by activating K + channels, inducing hyperpolarization and decreasing Ca 2+ influx. 6 - 7 2) Regulation of [Ca 2+ ]; independent of changes in membrane potential was termed "pharmacomechanical coupling." 4 There are several proposed mechanisms for pharmacomechanical coupling. One is that contractile agonistactivated G proteins 8 ' 9 increase 1,4,5-inositol trisphosphate levels (1,4^-IP 3 ). 10 - 13 The 1,4,5-IP 3 releases Ca 2+ from intracellular stores, 14 " 16 leading to contraction. Another is that contractile agonists also increase Ca 2+ influx, 17 -20 which induces a sustained contraction. 21 However, the mechanism responsible is controversial. Stimulated Ca 2+ influx may be caused either by increasing open probability of L-type Ca 2+ channels at a constant membrane potential 22 -23 or by activating "receptor operated" nonspecific ion channels. 24 - 26 Finally, 3) agonist-dependent increases in cAMP or cGMP may enhance Ca 2+ extrusion and sequestration 27 -31 and therefore decrease [Ca 2+ ]i and induce relaxation.
Regulation of [Ca }+ ], Sensitivity of Phosphorylation
A fourth mechanism for pharmacomechanical coupling has been described: some contractile stimuli alter the dependence of myosin phosphorylation on [ histamine, phenylephrine, endothelin, and F~, a nonspecific activator of G proteins, also shown in Figure 2A with a dashed line). ]i sensitivity of phosphorylation has been proposed: myosin light chain phosphatase may be regulated. To be consistent with the above observations, contractile agonists (e.g., histamine) should inhibit myosin light chain phosphatase activity to produce the observed changes in the [Ca 2+ ]; sensitivity of phosphorylation. Somlyo's laboratory 58 found that 100 jiM phenylephrine and 3 GTP-y-S slowed dephosphorylation rates by 50% in a-toxin skinned rabbit portal vein, suggesting that myosin light chain phosphatase is inhibited by a G proteinmediated process. Similar results were observed in GTP-y-S-treated tissue homogenates. 59 However, these studies need to be evaluated carefully: 1) The phosphatase activity in skinned tissues was low compared with intact tissues. One potential explanation for the low phosphatase activity was the effect of low temperature (15°C) and a high Q 10 of myosin phosphatase. However, the skinning procedure could also have removed phosphatase activity or necessary cofactors. 2) Stimulus-dependent alterations in myosin light chain phosphatase activity have yet to be described in an intact smooth muscle. 3) Myosin light chain phosphatase has yet to be definitively identified. 4) There is no known mechanism for G protein regulation of myosin phosphatase.
The finding that a G protein appears to inhibit myosin phosphatase does not diminish the importance of Ca 2+ -induced desensitization by phosphorylation of myosin light chain kinase. A decrease in phosphatase activity of 50% can explain only half of the difference in the [Ca 1+ \, sensitivity of phosphorylation observed in Figure 1A . Supporting this hypothesis was the finding that stimulation of swine carotid artery with histamine and high KC1 induced an intermediate [Ca 2+ ], sensitivity of phosphorylation ( ]i sensitivity of phosphorylation could result from dephosphorylation of myosin light chain kinase by either agonist-dependent activation of the phosphatase that dephosphorylates myosin light chain kinase or agonist-dependent inhibition of the enzyme that phosphorylates myosin light chain kinase. Maximal phosphorylation rates were unaffected by GTP-y-S in a-toxin skinned rabbit portal vein, 5 * suggesting that phosphorylation of myosin light chain kinase was not affected directly by G proteins. However, the effect of GTP-y-S on myosin light chain kinase activity was investigated only at one relatively high [Ca 2+ ]i (300 nM); there may be effects of G proteins on myosin light chain kinase at lower [Ca 2+ ],.
It should be noted that the latch bridge hypothesis (see below) makes a specific prediction regarding myosin phosphatase activity. Decreased phosphatase activity should change the dependence of steady-state stress on phosphorylation. A twofold decrease in phosphatase activity induces a small rightward and downward shift in the model-predicted dependence of steady-state stress on phosphorylation ( Figure 2B ).
34
- 60 However, we could not detect a measurable difference in the dependence of steady-state stress on phosphorylation with stimuli inducing high [Ca 2+ ], sensitivity of phosphorylation (including agents that activate G proteins such as histamine or F"; see Figure 2B ) or low [Ca 2+ ]i sensitivity of phosphorylation (see Figure 2B) . Unfortunately, the small shift in the predicted dependence of stress on phosphorylation would not be detected within the error of our measurements. These data suggest that modest inhibition of myosin phosphatase is not in disagreement with the latch bridge hypothesis. It is possible that minor degrees of phosphatase inhibition could induce relatively large changes in the [Ca 2+ ], sensitivity of phosphorylation that would not be detected by analysis of dependence of stress on phosphorylation.
Protein Kinase C and [Ca 2+ ], Sensitivity of Phosphorylation
Phorbol diesters, activators of protein kinase C, contract smooth muscle. 61 In several types of smooth muscle, phorbol diester-induced contractions are associated with an increase in the force without changes in [Ca 2 *^.
62
- 63 In the swine carotid, we found that low dose (10 nM) phorbol dibutyrate, a water soluble phorbol diester, produced very small but significant increases in [Ca 2+ ]i and phosphorylation, yielding a [Ca 2+ ]| sensitivity of phosphorylation similar to that induced by histamine. 64 ]i sensitivity of phosphorylation. However, the physiological significance of this response is unclear because large doses of phorbol diesters were necessary to obtain these responses. There are studies suggesting that protein kinase C can be activated by contractile agonists in smooth muscle cells 67 - 68 and intact tissues.
69
- 70 However, the question remains whether protein kinase C is activated during physiological smooth muscle contraction. Phorbol diester stimulation (even 10 nM phorbol dibutyrate) may induce more protein kinase C activation than that induced by contractile agonists. We found no measurable sustained histamine-or endothelin-induced increases in diacylglycerol mass, 71 
Could Myosin Be Phosphorylated By Other Kinases?
During physiological stimulation of intact tissues, myosin appears to be phosphorylated only at the myosin light chain kinase sites (serine 19 and threonine 18, the latter occurring after the former only with very high myosin light chain kinase activity). ], sensitivity of phosphorylation, or 3) by uncoupling force from myosin phosphorylation. Before analyzing the data available in smooth muscle, I will introduce the proposed mechanism for action of cAMP and cGMP in smooth muscle.
It was always assumed that cAMP activated cAMPdependent protein kinase and that cGMP activated cGMP-dependent protein kinase. However, cGMP-dependent protein kinase can also be activated by cAMP, although it requires nearly a 10-fold higher cAMP concentration ([cAMP]) than cGMP concentration ([cGMP]) to activate the kinase.
-

86
- 87 Similarly, cAMPdependent protein kinase can also be activated by cGMP, although it requires nearly a 10-fold higher [cGMP] than [cAMP] to activate the kinase. In smooth muscle [cAMP] is typically nearly 10-fold greater than [cGMP] . 88 Therefore, elevations in [cAMP] potentially could activate both cAMP-dependent protein kinase and cGMP-dependent protein kinase, whereas cGMP should only activate cGMP-dependent protein kinase ( Figure  1) . Data supporting the hypothesis that cAMP can activate cGMP-dependent protein kinase in vivo came from the laboratory of Tom Lincoln: in a smooth muscle cell line deficient in cGMP-dependent protein kinase, cAMP does not decrease [ ];; however, the mechanism (or mechanisms) for the reduction in [Ca 2+ ], is controversial ( Figure 1 ): 1) cGMPdependent protein kinase can phosphorylate phospholamban, which removes the inhibition of smooth muscle sarcoplasmic reticulum Ca 2+ ATPase. 91 2) cGMP-dependent protein kinase may also activate a smooth muscle plasma membrane Ca 2+ ATPase.
27
- 28 3) cGMP-dependent protein kinase may activate K + channels in smooth muscle, inducing hyperpolarization and decreasing Ca 2+ influx. 7 Some studies have shown a correlation between cGMP-mediated relaxation and changes in membrane potential; however, there are other studies that dissociate hyperpolarization and relaxation (possibly due to "endothelial-dependent hyperpolarizing factor"). 6 In intact smooth muscle, some studies (Table I) , 89 suggesting that small elevations in cAMP relax arterial smooth muscle primarily by decreasing [Ca 2+ ];. Similar results were observed in isolated tracheal smooth muscle cells. 97 However, much higher concentrations of forskolin were required to induce relaxation of KCl-depolarized swine carotid artery (addition of 30 JAM forskolin was associated with a 30-fold increase in [cAMP], a significant decrease in the [Ca 2+ ], sensitivity of phosphorylation, and no change in [Ca 2+ ]i; Table I ). 89 These data suggest that large elevations in cAMP relax arterial smooth muscle primarily by decreasing [Ca 2+ ], sensitivity of phosphorylation (potentially through myosin light chain kinase phosphorylation).
Results with elevations in cGMP are more controversial. One investigator suggested that nitroprusside primarily decreased the [Qr + ]i sensitivity of force (phosphorylation levels were not measured). 41 Preliminary data suggest that low concentrations of nitroprusside relax submaximally stimulated swine carotid media by decreasing [Ca 2+ ]i. Larger concentrations of nitroprusside transiently decreased the [Ca 2+ ], sensitivity of phosphorylation. Intriguingry, nitroprusside also appeared to uncouple force from myosin phosphorylation. actin-activated myosin ATPase activity. 2 This finding suggested the phosphorylation "switch" hypothesis in which phosphorylation-dependent activation of myosin is equivalent to Ca 2+ -dependent troponin C activation of thin filaments in skeletal muscle. A prediction of a switch model is that stress would be linearly proportional to phosphorylation; however, this was not the case ( Figure 2B) . Additionally, sustained stimulation of intact smooth muscle was associated with decreasing yet suprabasal levels of [Ca 2+ ],, 32^7 phosphorylation, 99 unloaded shortening velocity (V o ), 100 and energy consumption, 101 whereas stress (normalized force) remained high. This has been termed the "latch" phenomenon (high stress with lower activation). The latch bridge hypothesis of Murphy et al 360102 is the most accepted explanation of the above observations. Detailed explanation of the latch bridge model is beyond the scope of this review. It proposes the existence of a latch bridge, which is an attached dephosphorylated cross bridge formed by dephosphorylation of an attached phosphorylated cross bridge (Figure 1 ). The latch bridge is proposed to be force generating like a phosphorylated cross bridge, and therefore, force can be maintained at higher levels than would be expected based on the number of phosphorylated cross bridges. Latch bridges are assumed to be identical to phosphorylated cross bridges except that they have a fivefold slower detachment rate (this accounts for the reduction in V o and ATP consumption).
However 
